Background
Results
We assessed the growth of 2621 HEU infants (median birth WAZ was -0.65 (IQR -1.46; 0.0) and 51% were male). The feeding modalities practised were as follows: 0.5% exclusive breastfeeding, 7.9% breastfeeding with unknown exclusivity, 0.08% mixed breastfeeding and 89.2% formula feeding. Mothers with CD4 <200 cells/μl delivered infants with a lower birth WAZ (adjusted ß -0.253 [95% CI -0.043; -0.072], p = 0.006) compared to mothers with aCD4 500 cells/μl. Similarly, mothers who did not receive antiretroviral drugs delivered infants with a lower birth WAZ (adjusted ß -0.39 [95% CI -0.67; -0.11], p = 0.007) compared to mothers who received antenatal antiretrovirals. Infants with a birth weight <2 500g (ß 0.070 [95% CI 0.061; 0.078], p <0.0001) experienced faster growth within the first 28 weeks of life compared to infants with a birth weight 2 500g. Infants with any breastfeeding exposure experienced slower longitudinal growth compared to formula fed infants (adjusted ß -0.012 [95% CI 0.021; -0.003], p = 0.011).
Introduction
HIV-exposed uninfected (HEU) infants are a growing population in sub-Saharan Africa, particularly with increasing coverage of more effective prevention of mother-to-child transmission (PMTCT) regimens such as option B/B+, antiretroviral therapy (ART) for all pregnant and breastfeeding women either until cessation of breastfeeding or lifelong [1] . In 2010, an evaluation of the South African PMTCT programme, where antenatal HIV prevalence was 32%, found the overall early HIV transmission rate (4-8 weeks postpartum) to be 3.5% [2] -indicating a large number of exposed but uninfected infants. More recently, antenatal HIV prevalence is 29.5% in South Africa and both effectiveness and coverage of PMTCT have improved [3] .
Breastfeeding is known to transmit HIV, however its importance for infant nutritional status, growth [4] [5] [6] [7] [8] and protection against morbidity [9] and mortality [10] [11] [12] [13] is also well documented. In South Africa particularly, mixed feeding, defined by the World Health Organization (WHO) as a combination of breast milk and/or infant formula, other liquids and solids [14, 15] , is common. In an evaluation of the South African PMTCT programme, 53% of HIV-infected mothers breastfed their infants, of whom 42% practised exclusive breastfeeding (EBF) at 3 weeks of age. By 12 weeks of age, however, only 18% of HIV-infected mothers who breastfed their infants were practising EBF. Among HIV-infected mothers who practised mixed breastfeeding (MBF) at 12 weeks of age, 48% and 52% of infants were partially (breast milk and non-nutritive and nutritive solids and liquids) and predominantly (breast milk and non-nutritive liquids) breastfed respectively [14] . Similarly, Coutsoudis et al found 57% of infants were mixed fed in a study conducted early in the HIV/AIDS pandemic, prior to the PMTCT programme [9] , thus mixed feeding is widely practised in South Africa.
There have been conflicting findings with respect to the effect of feeding on growth. McGrath et al found no differences in the rate of growth between ever breastfed and formula fed infants, with WAZ increasing in both groups during the first 6 months after which they declined [8] . However, Malawian studies found that not breastfeeding was associated with both an increased risk of being underweight (WAZ <-2) as well as having lower weight-, length-and weight-forlength z-scores compared to infants who were breastfed [6, 7] . The Zambia Exclusive Breastfeeding Study found that among all HEU infants there was a decline in WAZ between 4.5 and 15 months, but that in infants who had continued breastfeeding at 4 months, the decline was lessened [16] . The early introduction of cow's milk ( 6 weeks of age) was also found to have a negative impact on growth [17] . The effect of feeding modality on growth may in part be context-dependent, and affected by the extent to which the affordable, feasible, accessible, safe and sustainable (AFASS) criteria for replacement feeding are met [14] . Longitudinal growth is not only affected by feeding but by birth weight and maternal factors too. Infants with a higher birth weight have greater postnatal weight-for-age (WAZ) over time compared to low birth weight (LBW) infants (<2 500g) although postnatal growth rate in the first year of life is faster in LBW infants [4, 5, 8, 16, 17] . There have been conflicting findings with respect to the effect of feeding on growth. Maternal health also impacts child growth: infants of mothers with advanced disease (high viral load, 100 000 copies/ ml, or low CD4 cell count, 350 cells/μl) were found to have slower growth [5, 16, 17] .
Many previous studies of growth in HEU were conducted outside South Africa, where breastfeeding practices and access to replacement feeding may be different, and prior to widespread availability of effective PMTCT regimens. The aim of this analysis was therefore to assess birth weight and growth within the first 6 months of life in HEU infants from two PMTCT cohorts in South Africa and examine the impact of maternal factors, including disease severity and the use of antiretrovirals, and feeding modality.
Methods

Study design, setting and participants
This was a retrospective cohort study based on routine data provided to the International Epidemiologic Databases to Evaluate AIDS, Southern Africa (IeDEA-SA, www.iedea-sa.org) collaboration. The IeDEA-SA cohort has been previously described [18, 19] , although this is the first analysis of HEU infants. Two South African sites were included in this analysis namely McCord Hospital (MH) in KwaZulu-Natal Province and Rahima Moosa Mother and Child Hospital (RMMCH), Gauteng Province. MH was a public-not-for-profit programme where a small patient co-payment was required at each visit, while RMMCH is a public hospital where care is provided at no cost to pregnant women and children 6 years old. Both facilities provided primary and secondary care. We included infants born from 2007-2013. Growth monitoring and promotion was provided based on standard practices at each facility. In South Africa, 2008 guidelines on infant feeding advocated HIV-infected mothers exclusively breastfeed their infants unless replacement feeding met the AFASS criteria, in which case free infant formula was provided for 6 months [20, 21] . The 2010 PMTCT guidelines recommended the following antiretroviral regimens: women were eligible for lifelong ART (tenofovir (TDF) + lamivudine/emtricitabine (FTC) + nevirapine (NVP)) if they had a CD4 350 cells/μl or WHO clinical stage 3/4. Women not eligible for ART (CD4 >350 cells/μl or WHO clinical stage 1/2) received zidovudine (ZDV) from 14 week gestation followed by single dose NVP and ZDV during labour and TDF + FTC after delivery [22] . Prior to 2010, women at RMMCH received single dose nevirapine (sdNVP) at delivery only, while at MH ZDV from 14 weeks gestation plus sdNVP at delivery was used in women ineligible for triple ART (CD4 200 cells/μl). In 2011, the Tshwane declaration of support for breastfeeding was signed, ending the provision of infant formula for PMTCT in state facilities, like RMMCH [23] . MH continued the provision of infant formulae.
We included HIV-exposed uninfected infants with at least birth weight and one subsequent weight measurement within the first 28 weeks of life. The following maternal information was included for the mother-infant pair: age, parity, antenatal CD4 count and antenatal anteretroviral use. We excluded infants diagnosed as HIV-infected (n = 126), most were diagnosed (97%) before 3 months of age (8.7% diagnosed by 1 month, 89% between 1-3 months, 1.6% between 3-6 months and 0.8% after 12 months of age).
Ethics statement
The IeDEA Southern Africa Collaboration has been approved by both the University of Cape Town and University of Bern Human Research Ethics Committees. Rahima Moosa Mother and Child Hospital and McCord Hospital have local institutional ethics approval to contribute data to the IeDEA-SA analyses from the University of Witwatersrand and University of Cape Town, respectively. Participating sites obtained informed consent from all subjects. The data were anonymised and de-identified prior to analyses.
Outcomes
The primary outcome was postnatal growth within the first 28 weeks of life which was assessed using WAZ only. We did not assess growth using length-for-age or weight-for-length as length measurements were not available on all infants at all time points. Factors influencing birth weight were also assessed as birth weight impacts longitudinal postnatal growth.
When assessing postnatal growth, birth weight was considered the baseline and follow-up visits with recorded weights were used to assess growth. WAZ was calculated using the WHO Child growth standards (igrowup, version 3.2.2 2011) package for Stata 
Variables
We collected data on the following maternal factors: parity (number of previous live births) for the index pregnancy (categorised as 0, 1 and 2); maternal age [<18 years (younger), 18-35 years and >35 years (older)]; antenatal CD4 cell count (<200, 200-500 and 500 cells/μl) and maternal antiretrovirals grouped into any antiretrovirals (comprising unknown regimen, nevirapine (NVP) only, dual therapy and triple therapy), no antiretrovirals and missing antiretroviral information. Where maternal antiretroviral regimen was changed during the pregnancy, we included the antenatal regimen closest to the delivery date. Infant variables collected included the following: sex, gestational age (based on palpation or date of last menstrual period) at delivery (term ( 37 weeks), preterm and unknown gestational age), birth weight (low (<2 500g) or normal (2 500g). Infant feeding, as it occurred over 28 weeks, was categorised into formula feeding (FF i.e. never breastfed), unknown feeding and any breastfeeding (BF). Any BF comprised EBF, BF with unknown exclusivity and MBF.
Analysis
Baseline characteristics between sites were compared using Wilcoxon rank-sum test for continuous variables and Chi-squared or Fisher's exact tests for categorical variables.
We first assessed factors affecting birth weight using univariate and multivariate linear regression. We included gestational age, infant sex, maternal age and parity, and cohort in the model a priori and then examined the effect of maternal HIV disease severity and treatment (antenatal CD4 cell count and the use of antiretrovirals) adjusted for the a priori variables. Univariate and multivariate analyses of the association between demographic, feeding and maternal factors affecting longitudinal postnatal growth were examined using mixed effects models with maximum likelihood estimation. A priori inclusions were similar to the linear regression model investigating birth weight outcomes. Feeding modality, infant age (continuous variable, in weeks) and birth weight were additional a priori inclusions. The model was then adjusted for maternal age, parity, antenatal CD4 count and antiretroviral use. As growth is time dependent, interaction terms with infant age in weeks were included for all covariates. Covariates (including interaction terms) were included if the p-value was <0.1. As birth weight was a major determinant of postnatal growth, we conducted a sensitivity analysis limited to children with normal birth weight to examine the factors associated with growth in this subset of children. Owing to the nature of routine clinical data, not all variables were assessed at every visit or within the time period of this analysis. Cohort was adjusted for in all analyses.
Results
There were 2948 dyads with a minimum of 2 visits, of these 327 (11.1%) were excluded as they did not have at least one visit after birth within the first 28 weeks of life. The HEU profile of the dyads included in the analyses is detailed in Fig 1. 
Baseline maternal and infant characteristics
The median age at visits within the first 28 weeks was 2.17 months (IQR 1.48; 2.53 months). The majority of the infants in this analysis were from RMMCH (Table 1) . Overall, 83% of infants had a normal birth weight (>2 500g) and 51% were male. The overall median birth WAZ was -0.65 (IQR -1.46; 0.00); lower at RMMCH (-0.68, IQR -1.49; -0.04) compared to MH (-0.52, IQR -1.23; 0.31). Gestational age at delivery was only available for 70% of infants (median 39 weeks; IQR 37; 40). Formula feeding was most commonly practised overall (89.2%), with similarities between sites; 89.1% and 90% of infants at RMMCH and MH were formula fed respectively. Few infants were mixed fed at MH (0.65%) with no mixed feeding recorded at RMMCH. Maternal characteristics are detailed in Table 2 . The median maternal age at delivery was similar between the two sites, with most mothers between 25-35 years old. At MH, where maternal regimen was recorded, 74.8% were on triple therapy (mostly non- Growth of South African HIV-Exposed Uninfected Infants nucleo(s)tide reverse transcriptase inhibitors (NNRTI) based), 18.4% on dual therapy, 0.7% NVP only and 3.6% did not receive antiretrovirals. For most mothers at RMMCH who received antiretrovirals for PMTCT, the regimen was not recorded (69.9%). A further 15.5% received 
Factors affecting birth weight
The models investigating the factors affecting birth weight are found in Tables 3 and 4 . Infants with a gestational age <37 weeks had a lower birth WAZ compared to term infants (p <0.0001). Females had a lower birth WAZ compared to males (p = 0.005), in agreement with previous studies [7, 12, 13, [24] [25] [26] . When looking at maternal factors, mothers who received antiretrovirals, irrespective of regimen, delivered infants with a higher birth WAZ. In comparison to women with a CD4 cell count >500cells/μl, those with lower CD4 cells counts delivered infants with a lower birth WAZ but this was only significant for mothers with a CD4 <200cells/μl (p = 0.006). Older mothers (>35 years) gave birth to infants with a significantly lower birth WAZ compared to mothers 25-35 years old (p = 0.007).
As a sensitivity analysis these factors (except maternal CD4 and parity where there was substantial missing data) were assessed for the entire HEU cohort, not limited to dyads with complete data on all variables, (Table 4) , and they remained consistent, albeit slightly greater in magnitude.
Effects on growth
The main outcome of this analysis is longitudinal growth of HEU infants. The main model is presented in Table 5 , left side. This model includes parity and thus excludes all dyads missing information on parity (11.10% overall). The second model, right side of Table 5 , shows the magnitude of effects among all infants, excluding any variables with missing information. Lastly, in S1 Table, the model including maternal HIV-related variables (CD4 and ARVs) is shown. Dyads with missing maternal age (0.31% overall), maternal CD4 cell count (40.52% overall) and parity are excluded. In the reference group of HEU infants (model including parity, Table 3 ), for male infants of nulliparous women with a birth weight >2 500g born at RMMCH and who received infant formula, WAZ increased from birth through 28 weeks of age (adjusted ß 0.019, p-value for interaction <0.0001).
Main model (adjusted analysis, including parity). As expected, infants with a low birth weight (LBW) had a lower birth WAZ compared to normal birth weight infants, but over time, growth was significantly faster among LBW infants (adjusted ß 0.07 per week, p-value for interaction <0.0001). Similarly, infants born to women with parity 1 had a higher birth WAZ but experienced a slower increase in WAZ; although the latter effect was small (adjusted ß = -0.011) and only statistically significant for infants of mothers with parity 2. In this cohort of HEU infants, females experienced faster growth (adjusted ß 0.014, p-value for interaction <0.0001) compared to male infants.
Although BF infants had a marginally greater birth WAZ compared to infants who received FF (any BF infants p = 0.298), their growth over time was slower compared to infants who received infant formula (and BF infants adjusted ß -0.012 p-value for interaction = 0.011, missing feeding adjusted ß -0.01 p-value for interaction = 0.173). When including all infants, thus not taking parity into account (Table 3 , right side), the effects were similar.
Sensitivity analyses
This same analysis was conducted among infants with a birth weight 2 500g (as a sensitivity analysis) and the direction of these effects remained the same, although the magnitude tended to be smaller (S2 Table) . A model including maternal CD4, antiretrovirals and maternal age (S1 Table for all infants and S3 Table for normal-weight infants) showed no significant effect of these on growth over time.
Discussion
In this cohort of HEU infants, mothers with more advanced disease, and those not on antiretrovirals, delivered infants with a lower birth weight compared to mothers with less advanced disease, and those who received any antiretrovirals, whether as prophylaxis or triple ART. In Table 5 . Longitudinal linear regression † weight-for-age z-scores 0-28 weeks. Evidence is mixed for the effect of antiretrovirals on birth weight and preterm deliveries, although triple ART, especially the use of protease inhibitor-containing (PI) regimens, either pre-conception or initiated during pregnancy appears to increase the risk of both LBW and preterm deliveries [27, 28] .The PROMISE trial found no significant differences between three regimens for both very preterm (<34 weeks) and very low birth weight (<1500g) [29] . We found antiretroviral use protective against LBW. In our study, relatively few women would have conceived on ART and very few were on PI-containing regimens. Maternal triple ART would have been restricted to mothers with advanced disease. In addition, all types of antiretroviral exposure were combined in this analysis so the effects seen are probably due to the partial mitigation of the effects of severe maternal disease by antiretrovirals.
Model including parity; n = 2328
Most HEU infants in the IeDEA-SA collaboration were formula fed-the predominant feeding modality at both sites. MBF infants experienced marginally slower growth compared to FF infants. Although MBF infants experienced slower growth, the effect was very small and it is difficult to draw robust conclusions particularly as less than 10% of infants in this HEU cohort received any breast milk. Furthermore, we did not have detailed data on confounding factors that could impact growth and feeding choice, such as maternal education [4, 8, 16, 17] and socioeconomic status [4, 16, 17] . Goga et al [14] found differences between sites for the combined end-point of HIV transmission or death, and Ramokolo et al found differences in growth across the same sites [30] , thus the effect of different settings and patient characteristics within these settings are an important consideration. It is important to note the reality that most infants were not exclusively breastfed and many were FF. While this may have changed recently with the introduction of option B/B+ in South Africa, strategies to support breastfeeding and optimise growth outcomes in the context of actual infant feeding choices need to be developed and encouraged.
Advanced maternal disease has been shown to negatively impact on growth [4, 16] , although in this analysis, maternal CD4 and the use of antiretrovirals did not have a significant impact on growth. This may be because maternal antiretroviral use and CD4 data were limited to the antenatal period and may not reflect the maternal disease status after delivery. In addition, the availability of triple therapy for all women with a CD4 cell count <350 cells/μl after 2010 may Growth of South African HIV-Exposed Uninfected Infants have mitigated the adverse effects of severe maternal disease seen in studies prior to such antiretroviral availability.
In this analysis, female infants experienced faster growth compared to male infants. Interestingly, previous studies examining growth among HEU infants have mostly not examined the effect of infant sex [5, 8, 16] . However, Kuhn et al found that female infants had lower actual weight compared to male infants between 1 week and 4 months of age [4] , while in a Ugandan study female infants had lower odds of experiencing stunting (length-for-age z-score <-2) or being underweight (WAZ <-2) compared to male infants [17] .
Strengths and limitations
The major strength of this study is the large number of mother-infant dyads included and the description of feeding practices and growth in infants in a routine care setting. Most previous studies of growth in HEU infants in South Africa have been restricted to research cohorts and randomised controlled trial data, where results may differ compared to infants in routine care. However, the reliance on routinely collected data meant that a number of key variables were missing. For example, although only 5% of birth length and head circumference were missing, these were not regularly measured and recorded at follow-up visits so we were unable to examine length-for-age and weight-for-length z-scores over time. Furthermore, although standard practice was employed for growth monitoring, no quality assurance processes were in place. Information on antiretrovirals given to infants themselves for PMTCT was inadequate thus we were unable to take it into account. Similarly, the introduction of solids was not routinely assessed and could not be included in the multivariate analyses. A previous study evaluating infant feeding practices found that 47% of HIV-infected mothers did not initiate breastfeeding; however, 67% of these mothers who initiated FF were practising mixed formula feeding by 3 weeks of age [14] . Mixed FF also comprises mixed feeding; as the introduction of solids was not assessed the extent of mixed FF in this cohort of HEU infants is unknown. Feeding modality and maternal disease severity are known to influence risk of infection in infants [4, 10] which would affect growth. However as opportunistic infections were not routinely recorded at sites, this was not investigated.
As only antenatal maternal disease-related factors were included in this analysis, it could account for our finding of an impact on birth WAZ, but not longitudinal WAZ. The impact of postnatal maternal disease severity may have an impact on infant growth outcomes, particularly if infants are breastfed, as it's been shown that mothers who have more advanced disease have poorer infant outcomes [4, 5, 8, [15] [16] [17] [31] [32] [33] , not merely limited to growth
In our cohort of HEU infants birth WAZ was low overall, but whether this was as a result of HIV-exposure or not is unknown. A comparison between HEU infants and unexposed uninfected infants is needed to investigate this further. Two South African studies have found that HEU infants have similar growth outcomes compared to unexposed infants, with one study only finding differences between the ages of 25-39 weeks [5, 30] .
Conclusion
Despite the limitations imposed by routine clinical data, this analysis shows that maternal antiretrovirals and less severe maternal disease have a positive impact on birth weight. We also found that any breastfeeding was rare in this cohort with MBF infants experiencing only marginally slower growth compared to FF infants. With the introduction of option B/B+ it will be important to examine the impact on infant feeding pattern, infant morbidity and the impact on growth in the growing population of HEU infants.
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